Adaptive radiation occurs when the members of a single lineage evolve different adaptive forms in response to selection imposed by competitors or predators. Iconic examples include Darwin's finches, Caribbean anoles, and Hawaiian silverswords, all of which live on islands. Parasites, which live on host "islands," show macroevolutionary patterns consistent with adaptive radiation in response to host-imposed selection. Here we show rapid adaptive divergence of experimentally evolving feather lice in response to preening, the main host defense. We demonstrate that host defense exerts strong phenotypic selection for crypsis in lice transferred to different colored rock pigeons (Columba livia). During four years of experimental evolution (~60 generations), the lice evolved heritable differences in color. The color differences spanned the phenotypic distribution of congeneric species of lice adapted to other species of pigeons. Our results indicate that host-mediated selection triggers rapid divergence in the adaptive radiation of parasites, which are among the most diverse organisms on earth. Our research suggests that host defense should be included with competition and predation as a major mechanism driving the evolution of biodiversity by adaptive radiation.
switch host lineages over macroevolutionary time [11] [12] [13] [14] [15] [16] [17] [18] . Host switching can lead to patterns consistent with adaptive radiation in phytophagous insects [15, 16, 19] , fungal plant pathogens [13] , helminth worms [18] , and ectoparasitic arthropods [11, 14] . Host-mediated selection also appears to drive the adaptive divergence of parasites exposed to varying defensive regimes on different host islands [6, 9, 17, 20] . This hypothesis has not been tested experimentally because it is difficult to isolate and manipulate components of host defense. We conducted such a test using an unusually tractable host-parasite system consisting of rock pigeons (Columba livia) and their feather lice (Insecta: Phthiraptera: Ischnocera).
Feather lice are host-specific parasites of birds that feed on the downy regions of feathers, causing energetic stress that leads to a reduction in host fitness through reduced survival and mating success [11] . Feather lice depend on feathers for efficient locomotion.
Thus, transmission between host individuals usually requires direct contact, such as that between parent birds and their offspring in the nest. However, feather lice can also disperse by hitchhiking phoretically on parasitic flies that are less host-specific than lice [21] . As a consequence, lice periodically end up on novel host species [11] . Birds combat lice by removing them with their beaks during regular bouts of preening. Lice are thought to escape from preening through background matching crypsis because light colored bird species have light colored lice, whereas dark colored species have dark colored lice [22] (Fig.1A,B ). Although these observations suggest that preening is the selective agent responsible for the evolution of cryptic coloration in feather lice, this hypothesis has never been tested experimentally.
We measured the selective effect of preening on the color of pigeon lice (Columbicola columbae) by comparing the survival of experimentally manipulated lice placed on different colored rock pigeons (see Materials and Methods). Live lice were painted black or white and distributed evenly among 8 black and 8 white pigeons ( Fig. 2A-D) . Half of the birds could preen normally, whereas the other half had their preening ability impaired with harmless bits that prevent complete closure of the beak (Fig. 2E,F) . After 48 hours, all birds had their lice removed by body washing [23] . Birds with normal preening had significantly more cryptic lice than conspicuous lice at the end of the experiment (Fig. 2G ). Conspicuous lice were 40% more likely be removed by preening, revealing intense selection for cryptic coloration. In contrast, there was no significant difference in the number of cryptic and conspicuous lice on pigeons with impaired preening (Fig. 2G ).
This direct demonstration of preening-mediated selection for crypsis implies that preening leads to the diversification of parasite color among different colored hosts. Because feather lice are permanent parasites that pass their entire life cycle on the body of the host, they can be evolved experimentally under natural conditions on captive birds. Therefore, to test for adaptive divergence in response to host preening, we conducted a four-year experiment (ca. 60 louse generations) using C. columbae isolated on captive rock pigeons of different colors (see Materials and Methods). We transferred lice from wild caught grey feral rock pigeons ( Fig. 1B) to white, black, or grey (control) rock pigeons that could either preen normally, or were impaired with bits.
At six-month intervals, random samples of lice were removed from each pigeon and digitally photographed under identical lighting conditions against a color standard [24] . The photographs were used to quantify the luminosity (brightness) of individual lice on a grey-scale from pixel values of 0 (pure black) to 255 (pure white) [25] . We used luminosity -the achromatic component of color -because feather lice vary mainly from light to dark [22] . We scored lice under visible light because they reflect little under UV light [22] . We also quantified variation in background coloration by measuring the luminosity of plumage on the white, black, and grey pigeons.
Over the course of the four-year experiment, the luminosity of lice on white and black birds changed relative to the luminosity of lice on control grey birds. The relative luminosity of lice on white birds increased dramatically, while the luminosity of lice on black birds decreased, but more slowly ( Fig. 3A ; Tables S1,S3 ). In contrast, lice on white and black birds with impaired preening showed no significant change in luminosity, relative to lice on control grey birds, even after 60 generations (Fig. 3B; Tables S2,S4 ). Thus, merely living and feeding on different colored feathers, in the absence of preening, had no effect on the color of the lice. Changes in the luminosity of lice on preening birds were proportional to differences in background luminosity, i.e. the luminosity of host plumage. The luminosity difference between grey and white plumage was five fold greater than that between grey and black plumage ( Fig. 3C ). Thus, lice on white birds presumably experienced more intense selection for background matching than lice on black birds. Differences in selection intensity may therefore have contributed to the greater change in the color of lice on white birds than on black birds.
To further investigate the basis of the observed color changes of lice on birds that could preen normally, we conducted a common garden experiment to test for heritability of the preening-mediated changes in color (see Materials and Methods). Two years into the four-year experiment, we removed random samples of lice from white, grey, and black pigeons, marked them by clipping several large hair-like setae, then transferred the lice to 12 bitted grey pigeons with impaired preening (common garden conditions for lice). Lice remained on the common garden birds for 48 days, which was sufficient time for the marked cohort of lice to breed and for their F1 lice to mature to the adult stage. All adult lice were then removed from each bird and digitally photographed to compare the color of the parental cohort (clipped lice) to adults of the offspring cohort (unclipped lice). Adult luminosity of the parental and offspring cohorts was highly correlated among the 12 common garden birds ( Fig. 3D ), thus demonstrating that color has a heritable component. This common garden experiment, together with the four-year experiment ( Fig. 3 A,B) , confirms that the lice on different colored birds evolved changes in luminosity in response to preening-mediated selection.
Over the four years of experimental evolution, the increase in mean luminosity of lice on normally preening white pigeons was also accompanied by an increase in variation ( Fig. 4 ). By the end of the experiment, the range in luminosity of lice on white pigeons was much greater than that of lice on grey pigeons (Welch's test of unequal variance F = 28.0, df = 1, 66.5, P < 0.0001). This increase was generated by expansion at the upper end of the scale: 19 of the 50 lice on white pigeons (38.0%) were lighter than any of the lice on grey pigeons. The range in luminosity of experimentally evolved C. columbae on white pigeons overlapped the luminosity of C. wolffhuegeli (Figs. 4G) , the host-specific parasite of the light-colored pied imperial pigeon.
Remarkably, within 60 generations, lice evolved differences in color similar to those of related species diversified over millions of years. Thus, our study demonstrates rapid adaptive diversification in descendants of a single population living under natural conditions.
In summary, we show that preening selects for cryptic coloration, and causes the rapid divergence of heritable phenotypes on different host backgrounds. Thus, even small populations harbor sufficient additive genetic variation for rapid adaptation to novel hosts within several parasite generations. This process is integral to the successful establishment of parasite populations after rare episodes of dispersal to the "wrong" host species, the precursor to host switching. Adaptive radiation catalyzed by host switching is thought to be a central mechanism of diversification among parasites, which represent a substantial fraction of the earth's biodiversity [6] [7] [8] 19] . Our results imply that other modes of host defense, such as immunological resistance, or secondary chemical compounds, may trigger rapid divergence in endoparasites, phytophagous insects, and other hyper-diverse groups. Host defense should be included with competition and predation as one of the principal mechanisms driving divergence in adaptive radiations.
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METHODS

Study system
One of the challenges of experimental work with host-specific parasites is that, by definition, they are difficult to culture in sufficient numbers on novel host species. We circumvented this problem by working with rock pigeons (Columba livia), a single host species that harbors extensive intraspecific diversity in color as a result of artificial selection [26] . Rock pigeons with contrasting plumage colors were used as stepping stones to simulate environments that lice dispersing between different species of pigeons would encounter in nature. All animal procedures were approved by the IACUC of the University of Utah.
Elimination of "background" lice
Before using pigeons in experiments, all "background" lice were eradicated by housing the birds in low humidity conditions (< 25% relative ambient humidity) for ≥ 10 weeks. This method kills lice and their eggs, while avoiding residues from insecticides [27] . During experiments, the relative humidity in animal rooms was increased to 35-60%, which provides sufficient humidity for feather lice to extract the moisture they need from the air while living on birds [28] .
Impaired preening
Preening was impaired using harmless poultry bits, which are C-shaped pieces of plastic inserted between the upper and lower mandibles of a bird's beak ( Fig. 2F ). Bits spring shut in the nostrils to prevent dislodging, but without damaging the tissue. They create a 1 -3 mm gap that prevents the forceps-like action of the bill required for efficient preening [29] . Bits have no apparent side effects and they do not impair the ability of birds to feed [30] .
Preening-mediated selection experiment
Painting lice: We manipulated the color of lice by covering the dorsal surface of live, adult C. columbae with enamel paint (Floquil TM Railroad Enamel, Vernon Hills, IL). Painting is a reliable method that has been used successfully with other species of lice, even under field conditions [31] . First, we tested whether the paint affects survival of C. columbae, as follows:
live adult C. columbae were removed from infested pigeons and placed in a petri dish next to a small piece of dry ice to keep them anesthetized with CO 2 during the painting process. We Experimental infestation with painted lice: 16 pigeons (half white, half black) were randomly divided (within each color treatment) into two preening treatments: half could preen normally, and the other half had their preening impaired with bits (see above). Pigeons in this experiment were housed individually in 30x30x56cm wire mesh cages in our animal facility.
Cages were separated by plastic partitions to prevent any contact between the feathers of birds in adjacent cages, which might allow transmission of lice between pigeons. Birds were maintained on a 12-hour light/dark photoperiod and provided ad libitum grain, grit, and water.
Each bird received 30 cryptic lice and 30 conspicuous lice. The survival of lice was assessed 48 hours after the pigeons were experimentally infested. To do this, all pigeons were sacrificed and their lice removed by "body washing" [23] . Each louse was inspected under a dissecting scope and the number of white and black lice recovered from each bird was recorded.
Experimental evolution
To test whether preening selects for divergence in the color of lice, we infested different colored pigeons with normal, unpainted C. columbae. Prior to experimental infestation, recipient pigeons were cleared of lice by housing them in low humidity conditions (as described above).
Next, we transferred 2,400 lice from wild caught feral rock pigeons to 96 captive rock pigeons (25 lice per bird): 32 white pigeons, 32 black pigeons, and 32 grey pigeons (controls). Within each color, half the birds, chosen at random, were allowed to preen normally ( Fig. 2E ), whereas the other half were given bits to impair their preening ( Fig. 2F ). At this time (Time 0), we also randomly sampled hundreds of lice from the source population on wild caught grey feral pigeons and their luminosity was scored (as described below).
Pigeons were housed in groups of four in 1.8 x 1.5 x 1.0m aviaries. In summary, the 96 pigeons used in this experiment were housed in 24 aviaries, each containing four birds of the same color and preening treatment (two males and two females per aviary).
During the experiment, all pigeons were maintained on a 12-hour light/dark photoperiod and provided ad libitum grain, grit, and water. When a bird died during the course of the experiment (a rare occurrence), the lice from the dead bird were transferred to a new parasitefree pigeon of the same color and sex within 24 hours. Columbicola columbae lice can survive for days on a dead bird, but cannot leave the dead bird's feathers under their own power, so few lice were lost.
The experiment ran for four years. Given that C. columbae has a mean generation time of 24.4 days [27] , this is about 60 generations. Every six months, random samples of lice were removed from pigeons and digitally photographed. Lice were removed by anesthetizing them with CO 2 [33] . After exposure to CO 2 the feathers of each bird were ruffled over a collection tray. The lice were then photographed by placing each louse dorsal side up on a glass slide fitted with a Kodak® Q-13 white color standard. The lice were harmlessly immobilized by placing a 22x22mm micro cover slip (VWR®) directly on their body. Digital photographs were taken at high resolution (uncompressed TIFF 2560x1920 pixels) using a DP25 digital color camera on an Olympus SZ-CTV stereoscope linked to a computer running CellSens® image acquisition and analysis software. All of the photos were scored digitally [24, 25] . For each image, the metathorax was selected and luminosity calculated using the open source imaging software ImageJ 1.3. To correct for slight differences in luminosity due to variation in ambient lighting, we also recorded the luminosity of the color standard immediately adjacent to each louse. We determined how much the photograph of the color standard differed from pure white (luminosity = 255), then added this correction factor to the luminosity score [22] .
Plumage coloration
We also used digital photography to quantify the plumage luminosity of 23 dead pigeons representing the three colors in the evolution experiment (8 black pigeons, 5 white pigeons, and 10 grey pigeons). The dorsal abdomen and back of each bird was photographed next to a Kodak Q-13 ® white color standard. High-resolution (5184 x 3456 pixels) digital photos were taken using a Canon EOS Rebel SL1 ® digital camera. We then highlighted the plumage in each image with the "Quick Selection Tool" in Adobe Photoshop CC 2015 ® , and determined the luminosity of the highlighted area. To correct for slight differences in luminosity due to variation in ambient lighting, we also recorded the luminosity of the color standard immediately adjacent to the bird. We determined how much the photograph of the color standard differed from pure white (luminosity = 255), then added this correction factor to the luminosity score for the plumage [22] . We used the mean plumage luminosity of the dorsal and ventral surfaces of each pigeon in analyses.
Common garden experiment
The goal of this experiment was to test for heritability of preening-mediated changes in the color of lice. We therefore used lice only from the 12 aviaries containing birds with normal preening. Lice of each sex were randomly sampled from each aviary using CO 2 . We marked the lice by clipping setae along the right side of the abdomen and thorax with scissors designed for retinal surgery. Setal clipping is a reliable method that has been used successfully with other species of lice, including under field conditions [34] . Removal of setae does not influence survival, and the setae do not grow back. After clipping, lice from each aviary were placed on a single grey pigeon with impaired preening. The 12 "common garden" pigeons were isolated in 12 wire mesh cages (30x30x56cm). After a period of 48 days, all lice were removed from each of the 12 pigeons using CO 2 (as described above). At 48 days, most F1 offspring had developed to the adult stage, and could be distinguished from members of the parental cohort, which had clipped setae. In contrast, F2 lice had not yet developed to the adult stage. Thus, using this design, we were able to compare adults of the parental and F1 cohorts of lice on each common garden bird. F1 lice were removed from each bird and digitally photographed and their luminosity scored (as described above). The luminosity of the F1 cohort from each common garden pigeon (n = 4-29 lice per bird for a total of 170 lice) was then compared to the luminosity of the parental cohort (n = 11-48 lice per aviary, for a total of 303 lice). Preening selects for cryptically colored lice. Eight white (A) and eight black (B) rock pigeons were infested with live C. columbae that had been painted black or white to make them relatively conspicuous or cryptic, depending on background feather color (C, D). Each of the pigeons, which were isolated in 16 cages, received 30 conspicuous and 30 cryptic lice, for a total of 960 painted lice across the 16 birds. Half of the white pigeons and half of the black pigeons, chosen at random, could preen normally (E), while the other half were tted with "poultry bits" to impair preening ability (F). (G) Pigeons that could preen normally had signi cantly more cryptic than conspicuous lice at the end of the 48-hr experiment (Fisher's Exact test, P = 0.037). In contrast, there was no signi cant di erence in the number of conspicuous and cryptic lice on pigeons with impaired preening (Fisher's Exact test, P = 1.0). Luminosity of lice 
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